In this study we examined the mechanism by which ammonium bicarbonate inhibits mycotoxigenic fungi.
concentration is equal to the extracellular NH3 concentration, and NH4' accumulates on the acidic side of the membrane (8, 11, 15) .
Differentiation of the effects related to pH-dependent NH3 concentration from those related to elevated pH alone represents a consistent experimental dilemma in studies attempting to evaluate ammonia inhibition. Investigations by Punja and Grogan (28, 29) , for example, did not clearly distinguish direct pH inhibition from inhibition due to pHestablished free ammonia concentrations. Additionally, no attempt was made to calculate free ammonia concentrations as a function of pH. Azov and Goldman (3) , when examining carbon assimilation in algal cultures, developed a methodology that clearly isolates ammonia toxicity from inhibition by pH alone. By analyzing relative uptake rates, V/Vmax, where V is the carbon assimilation rate at a given pH and ammonium concentration and Vmax is the rate at the same pH in the absence of ammonia, they demonstrated that ammonia toxicity in algal cultures is a function of available NH3.
The research presented here describes experiments on the relative germination rates of fungal conidia in the presence and absence of ammonium sulfate at a given pH. Two mycotoxin-producing fungi, Penicillium griseofulvum and Fusarium graminearum, were selected as test organisms because they are widespread in nature and are implicated in crop-related diseases (5, 30) . These studies demonstrated that high free ammonia concentrations inhibit conidial germination and that elevated intracellular pH alone does not account for the inhibition. The proposed mechanism for inhibition of germination by ammonium bicarbonate and ammonium sulfate at high pH values identifies toxic, permeable ammonia as the active species in a system in which alkalinity, such as that provided by the bicarbonate anion, maintains the NH3 form of ammonial nitrogen.
MATERIALS AND METHODS
Cultures and inoculum generation. P. griseofulvum NRRL 989 and F. graminearum NRRL 5883 were obtained from the Northern Regional Research Center, U.S. Department of Agriculture, Peoria, Ill., cultured, and stored by methods previously described (23) .
Dense sporulation was apparent within 7 days for P. griseofulvum and within 10 days for F. graminearum when cultured at 25°C on 100 ml of potato dextrose agar (PDA) in 500-ml Erlenmeyer flasks. The (14) . Experiments with F. graminearum conidia were performed by using 25-ml Erlenmeyer flasks containing stir bars rather than by using test tubes because F. graminearum spores were larger than P. griseofulvum spores and tended to settle out of solution in the test tube system. Germination was assessed microscopically in duplicate by using a hemacytometer (Reichert-Jung, Buffalo, N.Y.) and scored as positive when the germ tube length was approximately twice the conidial diameter (1, 14) . At least 250 conidia per sample were counted. The percent germination was calculated as 100 x the ratio of germinated conidia to the total.
Calculation of free-ammonia concentrations. Free-ammonia concentrations ([NH3]) were calculated from the external ammonium sulfate concentration (where the total ammonia is NH4' plus NH3). The fraction (f) present as NH3 was calculated at each pH by using the following equation (13):
The concentration of external free ammonia [NH3] which would equilibrate with the intracellular-ammonia concentration was then calculated from the external ammonium sulfate concentration [AS] as follows (Table 1) 
Influence of extracellular pH alone and of extracellular pH plus ammonium bicarbonate or ammonium sulfate on intracellular pH. The intracellular pH (pHi) of P. griseofulvum NRRL 989 or F. graminearum NRRL 5883 conidia in PDB buffered with 0.05 M TRIZMA or 0.02 M glycine-NaOH was estimated. TRIZMA-buffered PDB was prepared either with or without 110 mM ammonium sulfate or ammonium bicarbonate at external pH values of 7.8, 8.3, and 8.7. GlycineNaOH-buffered PDB, without ammonium sulfate or ammonium bicarbonate, was also prepared to examine the effect of very high external pH alone. Conidia were incubated in each PDB preparation at 25°C with continuous shaking (120 rpm). The relative germination rate (GiGmax) decreased linearly as the free-ammonia concentration increased, independent of pH. For P. griseofulvum, the correlation coefficient (r) was 0.97; for F. graminearum, it was 0.99 (data not shown). When data from both organisms were plotted together (Fig.  4) , the correlation was still high (r= 0.96), suggesting a general rather than species-specific effect.
Intracellular pH measurement with ion distribution of radiolabeled methylamine. (i) TRIZMA-buffered PDB. The pH, in conidia of F. graminearum (Fig. 5 ) and P. griseofulvum (Fig. 6) 8.7 resulted in pHi of 8.0 and 7.9 (n = 4) for F. graminearum and P. griseofulvum, respectively.
(ii) Glycine-NaOH-buffered PDB. Additional pHi measurements were performed by using PDB made highly alkaline with glycine-NaOH buffer. For both P. griseofulvum and F. graminearum conidia (Table 2) , increasing the external pH (9.0 to 9.5) caused an increase in intracellular pH. In F. graminearum, glycine-NaOH buffer (pH 9.5) caused a pH, of 8.0 (n = 4), whereas under similar conditions, the pH, in P. griseofulvum was 7.7 (n = 4). DISCUSSION Ammonia toxicity has been reported for a variety of organisms and is thought to be associated with the passive intracellular diffusion of the un-ionized NH3 form (3, 21, 22, 36) . A high intracellular ammonia concentration has been reported to discharge pH gradients (15) , uncouple photosynthetic processes (2, 3) , inhibit cyclic AMP production (35) , and inhibit amino acid transport (31) . Although free-ammonia inhibition mechanisms have been proposed, the basis of this toxicity remains unclear.
In the present studies, free-ammonia concentrations (based on aqueous ammonia NH4+/NH3 equilibration reactions) (13) were manipulated by varying the external pH at a constant ammonium sulfate concentration (Fig. 1) varying the ammonium sulfate concentration at a constant pH ( Fig. 2 and 3 ). Both strategies gave similar results. The experiments described here have also distinguished ammonia-mediated inhibition from inhibition caused by pH alone. The first strategy, varying the external pH, established the discrete pH, between 7.3 and 8.7, at which TRIZMAbuffered PDA containing ammonium sulfate became inhibitory to fungal growth. In the absence of ammonium sulfate, the colony development (CFU per milliliter) of both F. graminearum and P. griseofulvum was constant over the 8 (10, 18, 32) . Such a mechanism also explains inhibition by ammonium bicarbonate, since the bicarbonate anion would concomitantly supply the alkalinity which pushes the equilibrium to the toxic free ammonia form.
